Introduction {#s1}
============

Rabbits have lipid metabolism characteristics that resemble those in humans, and are recognized as a useful animal model in studies of lipid metabolism and cardiovascular disorders \[[@r35]\]. A number of transgenic (Tg) rabbit strains have been established as human disease models and therapeutic protein bioreactors \[[@r5], [@r6]\], making the rabbit a valuable bioresource \[[@r20]\].

Freezing embryos or sperm is the preferred way of preserving animal strains due to the low maintenance costs and increased reliability as compared with the maintenance of live colonies. In the case of the rabbit, sperm cryopreservation can be the preferred choice, as ejaculated semen is readily collectable and artificial insemination is easily applied. Several studies have been performed to improve the cryosurvivability of rabbit sperm in terms of the extenders and protocols \[[@r13], [@r14], [@r22]\]. However, a universal protocol has not yet been established, and several methods are used in the cryopreservation of rabbit sperm. We have employed a protocol using an egg-yolk HEPES extender containing acetamide \[[@r13]\] to preserve Tg rabbit sperm and have confirmed the viability of sperm cryopreserved in this way for up to 5.6 years \[[@r25]\].

One of the measures of the efficacy of sperm preservation is the motility of sperm after freezing and thawing. To improve the motility of sperm that has been frozen and then thawed, several supplements can be added to the freezing solution, including chemicals and proteins \[[@r9], [@r27], [@r31], [@r34]\]. It is known that freezing of sperm induces a lipid phase transition in the plasma membrane resulting in cholesterol depletion, which causes membrane destabilization \[[@r4]\]. Therefore, supplementation with cholesterol would reduce the damage to the sperm membrane during freezing. Cholesterol can be transferred easily into membranes down a concentration gradient using cyclodextrins, which encapsulate hydrophobic compounds \[[@r16]\]. Supplementation with cholesterol-loaded cyclodextrin (CLC) has been revealed to increase sperm motility after freezing and thawing in some animal species, as reviewed by Mocé *et al.* \[[@r21]\].

The present study was conducted to clarify the effects of supplementation with CLC on rabbit sperm motility after freezing and thawing, using a computer-assisted sperm analysis (CASA) system, with the aim of improving cryopreservation of rabbit sperm.

Materials and Methods {#s2}
=====================

All animal experimental procedures were approved by the Animal Care Committee of Saga University and conformed with the Guide for the Care and Use of Laboratory Animals issued by the National Institutes of Health.

Semen collection
----------------

Ejaculated semen from six reproductively mature, male Japanese white (JW) rabbits (6--26 months old, Japan SLC, Inc., Hamamatsu, Japan) was collected using an artificial vagina. Sperm samples collected from 2--3 male rabbits were pooled and analyzed as one experiment, which was repeated 10 times (n=10).

The number of immobile spermatozoa was counted before counting the total number of spermatozoa post fixation with glutaraldehyde using an improved Neubauer hemocytometer (Sunlead Glass Corp., Koshigaya, Japan). Sperm motility was calculated by subtracting the number of immotile sperm from the total number of sperm. The concentration of motile sperm was adjusted to 600 × 10^6^ sperm/ml, by condensation with centrifugation (200 × *g*, 15 min) or dilution with tris-citrate acid-glucose (TCG) buffer (313.8 mM tris, 103.1 mM citric acid, and 33.3 mM glucose).

CLC solution preparation
------------------------

The CLC was prepared as previously described by Purdy and Graham \[[@r28]\]. In brief, 200 mg of cholesterol was dissolved in 1 ml of chloroform (cholesterol solution). In a separate tube, 1 g of methyl-β-cyclodextrin was dissolved in 2 ml methanol, and 0.45 ml of the cholesterol solution was added to the cyclodextrin solution and vortexed. The solvents were evaporated using nitrogen gas to obtain white CLC powder. Then, 50 mg of CLC powder was dissolved in 1 ml of tris-buffer (276.5 mM tris base, 90.9 mM citric acid monohydrate, and 76.8 mM fructose) containing 3 mg/ml BSA. The CLC solution was incubated in a water bath at 39°C for 5 min.

Sperm freezing and thawing
--------------------------

The collected semen was divided into two groups. One group was incubated in CLC solution (3 mg/120 × 10^6^ sperm) (the CLC group), and the other group was incubated in the same volume of TCG buffer, without CLC (the EYA group). Both groups of semen were incubated at 22°C for 15 min.

A five-fold volume of egg-yolk HEPES, containing acetamide (EYA; pH: 7.2, 125 mM glucose, 105 mM lactose, 91 mM raffinose, 10 mM HEPES, 6% (w/v) acetamide, 20% (v/v) egg-yolk, 1,000 U/ml streptomycin, 1,000 U/ml penicillin G) extender was added to both semen groups. The solution was cooled in a programmable incubator (Taitech, Saitama, Japan) at the rate of −0.2°C/min, from 25 to 5°C. The solution was then packed into 0.5 ml straws (Fujihira Industry, Tokyo, Japan) and left in a refrigerator set to 4°C for 30 min. The straws were frozen in liquid nitrogen vapor for 15 min and then stored in liquid nitrogen.

The frozen straws were thawed by immersion in a 37°C water bath for 30 sec just before the motility analysis.

Sperm motility analysis
-----------------------

For each sample, more than 200 sperm from the JW rabbits (n=10) were analyzed by computer-assisted sperm analysis (CASA; Sperm Class Analyzer, Microptic S.L., Spain) system to clarify the effects of CLC supplement on sperm movement pattern characteristics. The motile sperm were divided by their moving speed into rapid (\>40 *µ*m/s), medium (between 40 and 20 *µ*m/s), and slow (between 20 and 10 *µ*m/s) motility.

The values for curvilinear velocity (VCL, *µ*m/s), linear velocity (VSL, *µ*m/s), average velocity (VAP, *µ*m/s), straightness index (STR, %), linearity index (LIN, %), and oscillation index of the sperm (WOB, %), together with the amplitude of lateral movement of the sperm heads (ALH, *µ*m), were recorded.

Analysis of sperm fertilization capacity
----------------------------------------

Fifteen female JW rabbits (4--5 months of age, Japan SLC) for each group (EYA or CLC) were intramuscularly injected with 150 units (U) of pregnant mare's serum gonadotropin (Serotropin, ASKA Pharmaceutical, Tokyo, Japan) to induce superovulation 3 days before artificial inseminations (AI). The female rabbits were artificially inseminated with 40 × 10^6^ motile sperm after freezing and thawing with/without CLC supplementation using a glass inseminating pipette \[[@r12]\]. Concurrently, the female rabbits were intravenously injected with 100 U of human chorionic gonadotrophin (Gonatropin, ASKA Pharmaceutical) to induce ovulation. At 17--19 h after artificial insemination, the rabbits were sacrificed using an anaesthetic overdose (thiamylal sodium; Kyorin Pharmaceutical, Tokyo, Japan). The ova collected by flushing the oviducts with an M2 medium \[[@r11]\], were transferred to an M199 medium (Sigma-Aldrich, St Louis, MO, USA) containing 20% fetal bovine serum (FBS; Sigma-Aldrich) and 0.1 g/l L-glutamine (Sigma-Aldrich). The numbers of collected ova and fertilized ova with male and female pronuclei were counted. The fertilized ova were utilized for a gene engineering experiment to produce transgenic rabbits as previously described \[[@r15]\].

Statistic analysis
------------------

Paired *t*-tests were employed to reveal any significant differences (*P*\<0.05) between the EYA and CLC groups in terms of sperm motility, and for each motion parameter. For analysis of sperm fertilization capacity, significant differences (*P*\<0.05) in percentages of fertile ova between the EYA and CLC groups were examined with Pearson's chi-squared test.

Results {#s3}
=======

The motility of the fresh sperm before freezing was 94.0 ± 1.9% (mean ± SD). The sperm motility of the CLC group was 29.4 ± 9.6%, which was significantly higher than that of the EYA group (20.8 ± 7.1%, *P*\<0.05, [Table 1](#tbl_001){ref-type="table"}Table 1.Sperm motility (%) after freezing and thawing with/without CLC supplementationTotal motilityVelocityStaticRapidMediumSlowEYA20.8 ± 7.511.8 ± 5.64.1 ± 2.24.9 ± 2.879.2 ± 7.5CLC29.4 ± 10.2\*15.5 ± 9.16.3 ± 3.37.6 ± 1.9\*70.6 ± 10.2Numbers are mean ± SD (%), \*: Significantly higher than EYA (*P*\<0.05).). Although the proportion of slowly motile sperm in the CLC group (7.6 ± 1.8) was significantly greater than that of the EYA group (4.9 ± 2.7, *P*\<0.05, [Table 1](#tbl_001){ref-type="table"}), the ratio of rapid to medium to slow sperm for all motile sperm was not significantly different between the EYA and CLC groups ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Effect of CLC on the ratio of rapid, medium, or slow sperm after freezing and thawing.).

The VCL of the CLC group, especially in rapidly motile sperm, exceeded that of the EYA group, whereas the LIN and WOB were significantly lower in the CLC group than in the EYA group ([Table 2](#tbl_002){ref-type="table"}Table 2.Sperm values (mean ± SD) in frozen and thawed rabbit semenTotalRapidMediumSlowVCL (*µ*m/s)EYA55.9 ± 10.272.1 ± 12.315.8 ± 6.97.4 ± 3.5CLC63.1 ± 15.386.9 ± 12.7\*20.2 ± 4.79.4 ± 3.3VSL (*µ*m/s)EYA33.7 ± 8.045.0 ± 10.56.7 ± 4.42.1 ± 1.9CLC33.5 ± 13.547.4 ± 178.6 ± 2.73.2 ± 1.7VAP (*µ*m/s)EYA39.1 ± 8.051.2 ± 9.79.8 ± 4.83.6 ± 2.4CLC40.0 ± 13.555.5 ± 15.111.8 ± 3.17.0 ± 6.2LIN (%)EYA59.5 ± 15.763.7 ± 15.736.8 ± 18.421.8 ± 17.8CLC52.8 ± 17.1\*54.6 ± 18.4\*\*42.2 ± 9.633.1 ± 8.9\*STR (%)EYA85.7 ± 5.787.4 ± 6.963.7 ± 17.848.9 ± 22.5CLC81.9 ± 8.483.6 ± 9.071.8 ± 8.160.6 ± 11.8WOB (%)EYA70.6 ± 11.572.1 ± 13.161.7 ± 11.042.9 ± 20.6CLC63.3 ± 14.9\*\*64.0 ± 15.9\*\*58.3 ± 8.454.3 ± 6.0ALH (*µ*m)EYA2.2 ± 0.62.2 ± 0.60.5 ± 0.3--CLC2.5 ± 0.52.7 ± 0.60.8 ± 0.3--\*: *P*\<0.05, \*\*: *P*\<0.01 Significantly different from EYA.). There were no significant differences in the values of VSL, VAP, STR, and ALH between the CLC and EYA groups.

In the EYA group, 429 ova were recovered from 15 female rabbits, and 156 (36.4%) of them contained male and female pronuclei. In the CLC group, male and female pronuclei were found in 221 (44.3%) out of recovered 499 ova, which was significantly more than was found in the EYA group (*P*\<0.05).

Discussion {#s4}
==========

The present study revealed that supplementation with CLC led to changes not only in the rate, but also the quality, of motility in frozen and thawed rabbit sperm.

The motility of frozen and thawed sperm greatly affects the efficiency of cryopreservation, since the number of motile sperm is directly related to reproductive outcome in animal strains. Thus, raising the motility of the sperm after freezing and thawing is an important concern. The characteristics of sperm differ among strains or species of animals, and there are different optimum freezing protocols for each animal \[[@r20], [@r22],[@r23],[@r24], [@r30]\].

CLC supplementation is known to increase sperm motility after freezing and thawing in several animal species, including the bull, stallion, donkey, goat, ram, boar and mouse, as reviewed by Mocé *et al.* \[[@r21]\]. This would be the result of high integrity of the plasma membrane, which was raised by introduction of cholesterol within the CLC \[[@r19]\]. In the present study, we found this to also be the case in the rabbit. CLC supplementation also increased sperm motility after freezing and thawing in human apolipoprotein AII \[[@r17]\] and human C-reactive protein \[[@r18]\] transgenic rabbits (data not shown). Therefore, CLC supplementation seemed to improve the efficacy of sperm cryopreservation in the rabbit, including transgenic strains.

With rabbit artificial insemination, the number of rapid motile sperm would affect the reproductive outcome, since the sperm need to reach the ova via a long reproductive tract. CASA revealed that the increased motility of rabbit sperm after freezing and thawing was not restricted of slow motility sperm only but also included rapid and medium motility sperm. This might indicate that CLC not only rescued the immotile sperm, enhancing them to slow motility sperm, but also raised the grade of each category of sperm.

As employed in the practical diagnosis of male sterility in humans, CASA provides an assessment of the motion properties of sperm, which is an indication of sperm quality and condition \[[@r7], [@r33]\]. Cancel *et al.* \[[@r3]\] reported significantly increased VCL and significantly decreased LIN in hyperactivated rat sperm. Sperm hyperactivation is thought to be critical for fertilization, as it is required for penetration of the zona pellucida \[[@r10]\]. In the present study, CLC supplementation led to increasing values for VCL, and decreasing values for LIN and WOB in the rabbit sperm. Though it is not certain if such changes in movement patterns indicate sperm hyperactivation, the changes might be advantageous for fertilization. It is reported that CLC enhances osmotic tolerance and inhibits the acrosome reaction in fresh sperm of some animals including the rabbit \[[@r1], [@r8], [@r26], [@r29], [@r32]\] and that freezing and thawing progresses the capacitation process \[[@r2]\]. Though reproductive efficiency was not examined in the present study, we obtained fertilized ova by artificial insemination with CLC-supplemented frozen and thawed sperm at a higher rate than in the EYA group. This would indicate that capacitation of sperm proceeded during freezing and thawing or traveling through the female genital tract even when supplemented with CLC.

In conclusion, the present study indicates that supplementation with CLC improves the rate and quality of motility in rabbit sperm after freezing and thawing, and would be beneficial for successful cryopreservation of rabbits, especially for valuable strains including transgenic strains.
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